Rationale Substance abuse is more prevalent among patients with schizophrenia than in the general population. The considerable overlap in neurobiological disruptions thought to underlie each condition suggests that addictive behavior may represent a primary symptom of schizophrenia. Objective This study investigated drug-seeking in a neurodevelopmental animal model of schizophrenia, the neonatal ventral hippocampal lesion (NVHL) model. Materials and methods At postnatal day 7, rats received an excitotoxic ventral hippocampus lesion or a sham procedure and were trained as adults to self-administer methamphetamine (0.1 mg/kg/infusion) or respond for natural reinforcement (water or food). Results NVHL rats were faster than shams to acquire the operant response for either drug self-administration or water reinforcement, suggesting that simple instrumental learning may be enhanced in these animals. NVHL and sham rats displayed no differences in fixed-ratio (FR) responding for either methamphetamine or food, and both groups of animals were equally sensitive to methamphetamine dose changes (0.05, 0.1, or 0.2 mg/kg/infusion). However, under a progressive-ratio (PR) schedule, NVHL animals reached significantly higher break points (NVHL 18 infusions; sham 12 infusions) for methamphetamine but not food reinforcement, suggesting enhanced motivation to acquire drug and/or elevated incentive value of the drug that did not generalize to another form of reinforcement. Conclusions These data indicate that developmental disruption of the hippocampus elevates rats' vulnerability to drug-seeking behavior under PR conditions. Furthermore, drug self-administration in the NVHL animal emulates addictive behavior in schizophrenia, making this model useful for investigating the mechanisms of dual diagnosis, including the neurobiological and behavioral similarities between addiction and schizophrenia.
Introduction
Patients with schizophrenia often abuse psychoactive substances, including nicotine, alcohol, cannabis, and psychostimulants (Regier et al. 1990; Selzer and Lieberman 1993; Krystal et al. 1999 ). Increased substance abuse among patients may represent attempts at self-medication (Khantzian 1997; Krystal et al. 1999) . However, this hypothesis is not generally supported by empirical data; for example, patients' symptoms do not predict the substance that is abused (Blanchard et al. 2000) . Alternatively, both schizophrenia and substance abuse could arise from overlapping pathophysiological mechanisms conferring vulnerability to both disorders (Khantzian 1997; Chambers et al. 2001) . In support of such a model, parallel dysfunctions in corticolimbic dopamine and glutamate systems are implicated in schizophrenia and addiction.
Hypofrontality has been characterized as an abnormal activation of the prefrontal cortex (PFC) in response to stimulation (e.g., increased working memory load) in schizophrenia patients (Perlstein et al. 2001; Egan et al. 2001) . Abnormal prefrontal neuronal firing is also observed in multiple animal models of schizophrenia Jackson et al. 2004; Goto and Grace 2006; Moore et al. 2006) , and PFC-dependent cognitive performance is disrupted in these animal models (Chambers et al. 1996; Moghaddam et al. 1997; Lipska and Weinberger 2000; Saul et al. 2006; Moore et al. 2006) . In human drug users, PFC dysfunction is hypothesized to underlie compulsive drugseeking behavior and impaired decision-making (Volkow et al. 2003 ). In animals, drug self-administration depends upon the activation of the PFC (McGregor and Roberts 1995; Park et al. 2002) , and repeated psychostimulant treatment alters both the basic neurophysiological properties of PFC neurons (Trantham et al. 2002; Peterson et al. 2006 ) and the synaptic interactions between the PFC and nucleus accumbens (Brady et al. 2005) .
In schizophrenic patients, there are also abnormalities in cellular organization and volume in the hippocampus (e.g., Szeszko et al. 2003) , although these findings are somewhat inconsistent (Weinberger 1999) . Drug-craving activates medial temporal lobe structures in addicted individuals (Grant et al. 1996; Kilts et al. 2001 ; but see Childress et al. 1999) , and the hippocampus is implicated in drug-seeking behavior in animal models (Caine et al. 2001; Sun and Rebec 2003) .
Finally, mesolimbic dopamine overactivity has long been associated with schizophrenia (Laruelle et al. 1996) , and drugs of abuse powerfully increase dopamine transmission in the nucleus accumbens (Koob 1992) . Long-term abuse of psychoactive drugs may result in repeated supraphysiological increases in accumbens dopamine transmission (Paulson and Robinson 1995) , leading to sensitization of incentive salience assigned to drugs and drug-associated cues (Robinson and Berridge 2000; Volkow et al. 2003) .
Elucidation of the shared neurobiological mechanisms that may underlie schizophrenia and addictive behavior requires the development of animal models that concurrently address components of both clinical conditions. The neonatal ventral hippocampal lesion (NVHL) model reproduces several behavioral abnormalities observed in schizophrenia, including hypersensitivity to stimulants, hyperactivity, reduced social interactions, and impaired working memory (Lipska and Weinberger 2000) . A recent investigation demonstrated enhanced reinstatement of cocaine-seeking behavior in NVHL rats (Chambers and Self 2002) . In this study, we further investigated drug-seeking behavior in the NVHL model by assessing methamphetamine self-administration under both fixed-ratio (FR) and progressive-ratio (PR) schedules of reinforcement.
Materials and methods

Subjects
Timed pregnant Sprague-Dawley females were obtained at embryonic days 15-18 from Taconic Farms (Germantown, NY, USA) and were individually housed with free access to food and water in a temperature-and humidity-controlled environment with a 12-h:12-h light/dark cycle (lights on at 7:00 A.M.). Neonatal pups were left undisturbed until postnatal day (PD) 6 or 7, when they were weighed and sex was determined. Healthy male pups received surgery on PD6-8, and behavioral testing began after PD56 (see below). These experiments were conducted in accordance with the US Public Health Service Guide for the Care and Use of Laboratory Animals, and all procedures were approved by the Institutional Animal Care and Use Committees at Albany Medical College or St. Mary's College of Maryland.
Neonatal ventral hippocampal lesion
Between PD6 and PD8, male pups (15-20 g) received either an excitotoxic lesion of the ventral hippocampus (NVHL; n=44) or a sham procedure (n=35). Pups were anesthetized via hypothermia and secured to a modified platform placed in a stereotaxic apparatus (David Kopf, Tujunga, CA, USA), and the scalp was incised. NVHL animals received bilateral infusions (0.3 μl per side; 0.15 μl/min) of ibotenic acid (10 μg/μl in artificial CSF [aCSF] ) into the ventral hippocampus, at coordinates of 3 mm posterior to bregma, 3.5 mm lateral to bregma, and 5 mm from the surface of the skull. Sham animals received bilateral infusions of aCSF into the ventral hippocampus at the same coordinates. The infusion needle was left in place for 3 min after each infusion to allow for diffusion away from the needle tip. The wound was closed with wound clips, and pups were placed on a warming pad until their respiration and activity levels had returned to normal. Pups were then returned to their mothers where they remained undisturbed except for husbandry, until the wound clips were removed at approximately PD23. At approximately PD26, animals were weaned and housed in pairs of like lesion status. Upon reaching adulthood (PD56), animals were single-housed and were handled for at least 2 days before beginning behavioral training.
Behavioral testing
Three separate groups of animals were utilized in this study. The first group (n=39; 20 NVHL, 19 sham) was trained to lever press for water reinforcement before the acquisition of methamphetamine self-administration. The second group (n=19; 10 NVHL, 9 sham) received no pretraining before acquiring methamphetamine self-administration. The third group (n=21; 14 NVHL, 7 sham) was trained to lever press for food reinforcement only and was never trained on methamphetamine self-administration. Groups 1 and 2 were trained and tested at Albany Medical College; group 3 was trained and tested at St. Mary's College of Maryland.
Water pretraining After handling, animals in group 1 were maintained on a 23-h water deprivation schedule with free access to food in the home cage. Acquisition of the leverpressing behavior took place in 16-h overnight sessions in operant conditioning chambers located inside of soundattenuating chambers (Coulbourn Instruments, Allentown, PA, USA). A lever press on either the left or right lever resulted in delivery of water (10 μl) under a fixed-ratio-1 (FR1) schedule of reinforcement. For training on all types of reinforcement, two levers were used so that endogenous side preferences would not impede acquisition of responding (e.g., Glick and Hinds 1985) . Each water delivery was followed by a 10-s time-out period marked by illumination of the houselight. Overnight sessions continued until animals met the criterion of 300 presses in a single session. Animals were then further trained in daily 1-h sessions with the same parameters until they met the criterion of four consecutive days of at least 700 presses. Upon reaching criterion, animals were given free access to water for the rest of the experiment.
Catheter implantation Animals were surgically implanted under sterile conditions with a polyethylene/silastic catheter (total volume approximately 0.03 ml), constructed according to the design of Weeks (1972) , in the external jugular vein. Animals were anesthetized with ketamine (90 mg/kg, i.p.) and xylazine (6 mg/kg, i.p.), and an incision was made on the ventral surface of the neck. The external jugular vein was dissected and isolated, and the silastic portion of the catheter (4.0-4.5 cm length) was inserted caudally into the vein. The catheter was loosely sutured to the vein and to the underlying muscle tissue, and the wound was sutured closed. The remainder of the catheter (PE20 tubing) was threaded subcutaneously to exit through an incision on the dorsal midscapular region where it was sutured to the muscle and the distal end occluded with a stainless steel stylet. The dorsal wound was closed with sutures or wound clips and treated with topical antibiotic. On the second night after the day of surgery, catheterized animals began overnight acquisition of methamphetamine self-administration.
Self-administration Animals were trained to lever press for infusions of methamphetamine (0.1 mg/kg/infusion) under an FR1 schedule in the same operant conditioning chambers used for water pretraining. Before each daily session, approximately 0.05 ml of sterile saline (0.9%) was infused into each animal's catheter. The catheter was then connected via a stainless steel commutator to a length of Tygon tubing (I.D. 0.51 cm) connected to a liquid swivel (Instech Laboratories, Plymouth Meeting, PA, USA) inside the chamber. One noncontingent drug infusion was administered at the beginning of each daily session. A response on either lever resulted in the delivery of 50 μl of methamphetamine (in sterile saline) in 1 s, delivered by activation of a syringe pump (55-2222; Harvard Apparatus, Holliston, MA, USA) located outside of the chamber and connected to the liquid swivel via Tygon tubing. The houselight was illuminated during the duration of each infusion. After each infusion, there was a 20-s time-out period during which the levers were not active. At the conclusion of each daily session, each animal's catheter was filled with 0.05 ml of a mixture of penicillin, heparin, and streptokinase in sterile saline. Catheters were tested for patency once a week by infusing 0.2-0.4 ml of thiopental (25 mg/ml). Animals that did not respond with complete and immediate loss of muscle tone were either recatheterized on the opposite side or removed from the experiment.
Acquisition of self-administration first took place in 16-h overnight sessions until animals met the criterion of 100 lever presses in a single session. Animals were then trained in daily 3-h sessions until they made 20 responses in a single session. Upon reaching this second criterion, animals were trained under the FR1 schedule for 10 daily 1-h sessions. A subset of animals from group 1 (n=9) was then given 20 additional sessions to establish a dose-response relationship for self-administration of methamphetamine. These animals were trained on either a lower dose (0.05 mg/kg/infusion) or a higher dose (0.2 mg/kg/infusion) for 10 days, followed by 10 days at the opposite dose. Finally, 16 animals from group 1 and 12 animals from group 2 were trained under a PR schedule where the number of required lever presses (ratio) was exponentially increased with each successive infusion (0.1 mg/kg/infusion). The PR schedule used in this study was: 1, 3, 6, 9, 12, 17, 24, 32, 42, 56, 73, 95, 124, 161, 208, 268, 346, 445, 573, 737, 948, 1,218, 1,566, etc. (Lorrain et al. 2000) . The highest ratio completed before 60 min elapsed without completion of a ratio was defined as the break point. The maximum session length for PR sessions was 5 h. Sucrose training After handling at age PD56, animals in group 3 were gradually food-restricted (over a period of 3 days) to approximately 90% of their free weight with free access to water in the home cage. Animals were trained 6 days/week to respond on either the left or right lever for sucrose pellet reinforcers (45 mg, Noyes) under an FR1 schedule. Acquisition took place in 16-h overnight sessions until animals met the criterion of 300 lever presses in a single session. After acquisition, animals were trained under the FR1 schedule for 10 daily 30-min sessions. Animals were then trained under a PR schedule with the same schedule of successive reinforcement as described above, but with the break point defined as the highest ratio completed before 5 min elapsed without completion of a ratio and the maximum session length set at 60 min. Although these parameters differ from those used for the PR schedule of methamphetamine self-administration, they are in accordance with the literature on food-based PR testing (e.g., Mobini et al. 2000; Solinas and Goldberg 2005) . In addition, as it has been suggested that different parameters be used for reinforcers that support different response patterns (Richardson and Roberts 1996) , we chose to use a shorter break point criterion for food reinforcement, for which animals are likely to respond (and satiate) more quickly than for drug self-administration. Finally, a subset of sucrose-trained animals was tested for possible perseveration behaviors. Animals were given three additional daily sessions under the FR1 schedule, and each animal's preferred lever was defined as the lever receiving greater than 50% of responses on the third day. Beginning the next day, animals were then reinforced (under an FR1 schedule) for responses only on this preferred lever until stable responding was established (95% of free response levels for three consecutive days). Animals were then switched to reinforcement (FR1) only on the nonpreferred lever until 95% of free response levels were observed for three consecutive days. Both levers were available throughout all of these perseveration sessions; responding on the inactive lever had no programmed consequences.
Lesion verification
After the completion of behavioral testing, animals were transcardially perfused with cold saline (0.9%), followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were removed and postfixed in 4% paraformaldehyde for at least 24 h before being transferred to 30% sucrose in 0.1 M phosphate buffer for cryoprotection. Sections (40 μm) through the dorsal and ventral hippocampus were taken using a freezing microtome, mounted on glass slides, and Nissl stained. The hippocampus was examined microscopically for evidence of bilateral damage, which typically included cell loss, thinning, enlarged ventricles, gliosis, and/or cellular disorganization. Based on previous observations of a lack of correlation between lesion size and behavioral impairments (e.g., O'Donnell et al. 2002) , any observable evidence of bilateral hippocampal damage was considered acceptable. Animals with significant damage to surrounding areas were removed from the study.
Statistical analysis
Acquisition of lever pressing for water, food, and methamphetamine was analyzed using independent t tests to compare NVHL and sham animals. Postacquisition responding for water, methamphetamine, or food reinforcement was analyzed with mixed ANOVAs using factors of lesion group and session, and additional factors of dose as appropriate. The Huynh-Feldt correction for sphericity was applied to all repeated-measures analyses; uncorrected df and corrected F and p values are reported in the text. Significant findings were followed by post hoc t tests. When multiple t tests were required, the Bonferroni correction was used to adjust the alpha level. With this exception, an alpha level of 0.05 was applied to all analyses.
Results
Lesions
Nissl-stained hippocampal sections from NVHL animals exhibited varying degrees of cell loss, cavitation, enlarged ventricles, and cellular disorganization. A representative photomicrograph from an NVHL brain with significant cell loss is shown in Fig. 1a . Sham-treated animals showed no evidence of damage to either the hippocampus or adjacent areas (Fig. 1b) . No animals from group 1 were excluded based on histological findings. From group 2, one NVHL rat was excluded due to lack of bilateral damage and one sham rat died before completing the study. From group 3, five NVHL rats were removed due to insufficient bilateral damage. Thus, the final sample sizes for each group were as follows: group 1, n=39 (20 NVHL, 19 sham); group 2, n= 17 (9 NVHL, 8 sham); group 3, n=16 (9 NVHL, 7 sham).
Acquisition of lever-pressing behavior
Water pretraining NVHL animals in group 1 initially acquired the lever-press response for water reinforcement in fewer days (overnight sessions) than sham animals (Table 1; t 37 =2.21, p=0.04). On the night on which criterion (≥300 lever presses) was reached, NVHL and sham animals made a similar number of lever presses (Table 1 ; p=0.41). After daily 1-h training sessions, NVHL and sham-treated animals met the next phase of water reinforcement criterion in a similar number of days (p= 0.092; NVHL, 5.6±1.3 days; sham, 4.8±1.0 days). All animals increased their responding over the last 4 days at criterion performance (F 3, 69 =16.53, p<0.001; session 1, 725±241 presses; session 4, 1,010±304 presses) with no differences between NVHL and sham-treated rats either overall or across days (both ps>0.46).
Methamphetamine self-administration NVHL and sham animals in group 1 (those that received water pretraining before methamphetamine) did not differ in the number of overnight sessions needed to acquire methamphetamine self-administration (Table 1 ; p=0.56). However, on the night on which criterion (≥100 presses) was reached, NVHL animals did make a higher number of lever presses (t 37 =2.34, p=0.025) and took less time to complete the first 100 lever presses (t 36 =2.66, p=0.012) than sham animals.
In contrast, NVHL animals in group 2 (those that did not receive water pretraining) acquired methamphetamine selfadministration in significantly fewer days than sham animals (Table 1 ; t 14 =5.92, p=0.001). These animals did not differ in the total number of lever-press responses on the final criterion night (p=0.104), but NVHL animals were faster to reach the criterion requirement of 100 lever presses on this night (t 14 =4.02, p=0.001).
Sucrose training All animals (NVHL and sham) in group 3 acquired the lever-pressing response for food reinforcement in a single overnight session (Table 1 ). There was no difference between NVHL and sham animals in the total number of lever presses performed during this session (p= 0.671). A floor effect was evident in this data, which may have obscured any potential differences between the NVHL and sham animals. The causes are unclear, but may include differences in palatability of water vs. sucrose and/or differences in equipment between the two testing sites.
Methamphetamine self-administration
After acquisition of self-administration, one NVHL and one sham animal from group 1 were discontinued from the study due to loss of catheter patency. The remaining animals in groups 1 (water pretrained) and 2 (no pretraining) did not differ in their self-administration of metham- Water or sucrose Days to criterion 1.5±0.5* 3.2±3.2 n/a n/a 1.0±0 1.0±0 Number of presses 1415±866 1626±694 n/a n/a 476±26 470±26 Methamphetamine Days to criterion 1.3±0.8 1.7±1.3 1.0±0** 3.5±1.2 n/a n/a Number of presses 215±86* 158±64 180±58 133±48 n/a n/a Latency (min) to 100 presses (criterion) 563±207* 721±154 561±196** 869±93 n/a n/a n per group a 20 19 8 8 9 7
All values are mean±standard deviation (SD). METH: methamphetamine, NVHL: neonatal ventral hippocampal lesion a One NVHL rat from group 2 was recatheterized during self-administration acquisition; data from this rat was not included in the analysis of acquisition. phetamine on the first 10 days of FR1 responding (repeated-measures ANOVA; all ps>0.28). Thus, data from all animals were pooled for all subsequent analyses of methamphetamine self-administration.
Fixed-ratio self-administration NVHL (n=19) and sham (n=13) animals performed at similar stable levels across the 10 daily 1-h sessions of initial FR1 responding ( Fig. 2a; p=0.376). Analysis of the dose-response relationship revealed only a significant main effect of dose (F 2, 126 = 105.6, p<0.001). As shown in Fig. 2b , all animals titrated their responding according to the dose of methamphetamine delivered with each infusion; per session, rats made significantly more lever presses at 0.05 mg/kg/infusion (t 8 =9.68, p<0.001) and significantly fewer presses at 0.2 mg/kg/infusion (t 8 =4.81, p=0.001) compared to the training dose of 0.1 mg/kg/infusion. This dose effect did not interact with either lesion or session (all ps>0.11).
Progressive-ratio self-administration Across all five sessions, NVHL animals (n=16) earned significantly more infusions (i.e., reached a higher break point) than sham animals (n=12) under the PR schedule of reinforcement ( Fig. 3 ; F 1, 26 =10.09, p=0.004). All animals appeared to slightly increase responding across the five PR sessions (F 4, 104 =16.51, p=0.046). However, this was a main effect of session only and did not interact with lesion status (p=0.12).
Sucrose training
Fixed-ratio responding for food Both NVHL (n=9) and sham-treated (n=7) animals in group 3 increased their responding over the course of the 10 daily sessions of FR1 responding for sucrose pellets ( Fig. 4a; F 9 , 126 =56.16, p< 0.001). However, this effect did not interact with the lesion group (p=0.796), nor was there an overall difference between NVHL and sham animals on the number of lever presses (p=0.220).
Progressive-ratio responding for food Overall, the number of reinforcers earned per session fluctuated over the course of the five PR sessions ( Fig. 4b ; main effect: F 4, 56 =4.91, p=0.002). Post hoc comparisons revealed that the number of reinforcers (collapsed across lesion group) was significantly higher on the fourth session compared to the second (t 15 =2.70, p=0.016) and third sessions (t 15 =3.88, p= 0.001). However, the number of reinforcers earned (i.e., break point) was unaffected by lesion group, either overall or in interaction with session (both ps>0.48).
Reversal/perseveration test After the identification of the preferred lever, NVHL (n=6) and sham (n=7) animals did not differ in the number of days to reach the criterion for stable responding (NVHL=3.5 ± 1.2 days, sham= 3.4 ± 1.1 days; p = 0.915). As seen in during the last three baseline days of responding at criterion (F 1, 11 =679.70, p<0.001), and this preference strengthened over the course of these three sessions as responding on the inactive lever declined further (F 2, 22 =15.82, p<0.001).
There were no main effects or interactions involving the lesion group during these baseline days (all ps>0.22). When the active lever was changed to the nonpreferred side, there was again no difference between NVHL and sham animals on the days to reach the new criterion of stable responding (NVHL=4.3 ± 1.4 days, sham= 5.3 ± 2.6 days; p=0.442). Testing was terminated once animals reached criterion on the reversal task; thus, further analysis of reversal performance was limited to the first three reversal sessions, a time period which includes all animals tested in this phase. This analysis revealed a significant three-way interaction between lever, lesion, and session (F 2, 22 =3.97, p=0.037). Further analysis of responding on the active (previously nonpreferred) lever during reversal sessions (Fig. 5a ) indicated that NVHL and sham animals did not differ on this measure, either overall (p=0.316) or across the three reversal sessions (p=0.786). However, NVHL animals responded significantly less often on the inactive (previously preferred) lever than sham animals ( Fig. 5b; F 1, 11 =8 .53, p= 0.014), and this difference interacted with session (F 2, 22 =4.43, p=0.028). Sham animals exhibited higher responding than NVHL animals on the inactive lever on the first reversal session (t 11 =3.16, p=0.016) but not the second (p=0.067) or third reversal sessions (p=0.076). Thus, as shown in Fig. 5b , sham animals were slower to terminate responding on the inactive lever over the three sessions, indicating slightly more perseveration in the sham-treated animals.
Discussion
Animals with a neonatal ventral hippocampus lesion exhibited faster acquisition and enhanced PR self-administration of methamphetamine and faster acquisition of water-reinforced operant responding. However, NVHL animals did not differ from sham-treated animals on FR or PR performance for food reinforcement, suggesting that the enhanced methamphetamine self-administration was not due to lesioninduced changes in general motivation or activity levels.
a Active Lever b Inactive Lever These results extend previous findings (Chambers and Self 2002) by demonstrating enhanced self-administration of a second psychostimulant and differential responding under an additional behavioral schedule (PR) and suggest that this model is useful for investigating the neurobehavioral and neurobiological bases of schizophrenia and substance abuse comorbidity.
Differential effects of NVHL on responding for natural and drug reinforcement
As adults, NVHL animals acquired the initial lever-pressing response for water reinforcement in fewer days than shamtreated animals. Similarly, NVHL animals previously acquired sucrose-reinforced lever pressing faster than shams, suggesting that instrumental learning may be facilitated in NVHL animals (Chambers and Self 2002) . This conclusion seems to conflict with reports of impaired cognition in NVHL animals (Chambers et al. 1996; Lipska et al. 2002; Saul et al. 2006) ; however, these studies assessed spatial learning and working memory, which may recruit different neurobiological substrates than simple instrumental learning (Chambers and Self 2002) . Previously, NVHL animals exhibited a higher fluid intake than shams (Le Pen et al. 2002) , and a tendency toward polydipsia has also been observed in patients with schizophrenia (Oades and Daniels 1999) . However, although our NVHL animals initially reached response criterion in fewer days, they did not display higher water intake than sham-treated animals. Methamphetamine self-administration acquisition was enhanced in NVHL animals, possibly suggesting an increased vulnerability to addictive behavior (Piazza et al. 1989; Marinelli and White 2000) . However, this enhancement of acquisition was limited to animals that were naïve to lever pressing. Given this selectivity, the rapidity of selfadministration acquisition in NVHL rats may best be interpreted as a general enhancement of instrumental learning (Chambers and Self 2002) , particularly the initial formation of response-reinforcement contingencies. However, our finding that pretrained NVHL animals emitted more responses during the criterion night for methamphetamine (but not water), and were faster to reach the criterion level of responses for methamphetamine, suggests that this enhancement of instrumental learning may also embed a stronger relationship between drug-taking behavior and reinforcement, possibly leading to increased drug-seeking and an increased vulnerability to addiction (Piazza et al. 2000) .
NVHL and sham-treated animals self-administered methamphetamine at similar rates during FR sessions, as previously reported for cocaine (Chambers and Self 2002) , implying no change in stable drug-taking behavior once the self-administration response was acquired. Furthermore, NVHL and sham animals were equally sensitive to changes in methamphetamine dose. This was surprising because NVHL rats are behaviorally hyperresponsive to psychostimulants (Lipska et al. 1993 ) and also because other animals that easily acquire self-administration demonstrate vertical shifts in the dose-response curve for cocaine self-administration (Piazza et al. 2000) .
However, NVHL animals did consistently reach higher break points under a PR schedule of methamphetamine self-administration. Thus, NVHL and sham animals demonstrated equal self-administration rates under low-demand FR conditions, even across varying doses, but NVHL animals expended more effort to self-administer the drug when response requirements were progressively increased. Increased PR responding may indicate increased motivation to administer the drug and/or an increase in the drug's incentive value (Richardson and Roberts 1996) . Selfadministration under a PR schedule has been suggested to model human addicts' strong motivation to acquire a drug (Deroche-Gamonet et al. 2004 ) and may reflect a sensitized incentive value of the drug that is hypothesized to underlie compulsive drug-seeking behaviors (Robinson and Berridge 1993) .
The NVHL lesion did not affect PR responding for food, suggesting that NVHL rats did not experience a general increase in the motivation to obtain positive reinforcement. In fact, NVHL rats are less sensitive to reward in conditioned place preference and saccharin consumption tests, an effect which may model the anhedonia observed in patients with schizophrenia (Le Pen et al. 2002) . The lack of effect on FR responding for either methamphetamine or food, or on PR responding for food, also suggests that these results cannot be explained by lesion-induced hyperactivity (Wan et al. 1996; Sams-Dodd et al. 1997; Brake et al. 1999) .
Finally, although NVHL rats were previously shown to perseverate on a reward-associated lever (Chambers and Self 2002) , perseveration is unlikely to explain the enhancement of PR responding for methamphetamine. NVHL animals showed no evidence of perseveration when reinforcement delivery (food) was switched to the previously nonreinforced lever. The generally low levels of responding on the nonreinforced lever also suggest that NVHL rats were not simply exhibiting nonspecific and/or hyperactive responses to reinforcement availability.
Mechanisms of increased drug-seeking behavior in neonatal hippocampal-lesioned rats Adult lesions of the hippocampus or subiculum inhibit drug self-administration (Caine et al. 2001; Sun and Rebec 2003) , suggesting that the enhanced drug-seeking behavior reported in this study is unlikely to arise from damage to the hippocampus per se. Rather, this behavior is likely a result of the developmental nature of the lesion and the subsequent reorganization of hippocampal efferent pathways, particularly to the PFC and nucleus accumbens. PFC pyramidal neurons fire inappropriately in response to dopamine afferent stimulation in adult animals with a neonatal (but not adult) hippocampal lesion, a reversal of the normal filtering process in PFC neurons that may in turn lead to abnormal burst firing of midbrain dopamine cells . Dopaminergic activation in the PFC mediates cocaine self-administration (McGregor and Roberts 1995; Park et al. 2002) , suggesting that disruption of the mesocortical dopamine pathway and of the prefrontal response to dopamine input may lead to alterations in self-administration behavior as observed in this study.
A functional hyperactivity of mesolimbic dopamine systems in NVHL animals has been inferred from hypersensitivity to psychostimulant-induced locomotion (Lipska and Weinberger 2000) , implying that NVHL rats may exist in a baseline "sensitized" state. Such an endogenous sensitization process has been hypothesized to underlie psychotic states in schizophrenia (Laruelle 2000) . Psychostimulant-sensitized animals reach higher break points than control animals under a PR schedule of drug self-administration (Mendrek et al. 1998; Lorrain et al. 2000; Vezina 2004 ) similar to the NVHL rats in the present study. Although dopamine release in the nucleus accumbens is not enhanced in NVHL rats (Brake et al. 1999; Lillrank et al. 1999) , accumbens neuron properties such as dendritic spine density and immediate early gene expression are altered in both NVHL rats (Lillrank et al. 1996; Bhardwaj et al. 2003; Flores et al., 2005) and psychostimulant-sensitized rats (Robinson and Kolb 1997; Crombag et al. 2002) . Activation of dopamine afferent pathways also elicits excessive accumbens neuron firing in NVHL animals, an effect which is likely secondary to the inability of dopamine inputs to suppress PFC firing rates Goto and O'Donnell 2002) . The abnormal prefrontal control of accumbens neurons is hypothesized to lead to a hypersensitivity to the reinforcing value of addictive drugs, thus facilitating drug-seeking behavior (Chambers et al. 2001; Volkow et al. 2003) .
In conclusion, NVHL animals demonstrate an elevated vulnerability to drug-seeking behavior as evident by increased responding under a PR schedule but not a FR schedule, and this effect cannot be easily explained by an increase in general appetitive motivation or activity levels. The NVHL model elicits various behavioral abnormalities that correlate with clinical symptoms of schizophrenia (Lipska and Weinberger 2000) , and the present results suggest that the high rates of substance abuse observed among patients (Regier et al. 1990; Selzer and Lieberman 1993) can also be modeled in these animals (Chambers and Self 2002) . The neurobiological disruptions produced by the NVHL may confer an additional vulnerability to drugseeking behavior, making this neurodevelopmental model useful for investigating the common neural and behavioral mechanisms that underlie the dual diagnosis of schizophrenia and addiction.
